We study the productions of charmed baryonsΛ 
I. INTRODUCTION
The current experimental information about the production of the ground state charmed baryons has been derived mostly from the electron-positron annihilation experiments (see, e.g. Refs. [1] [2] [3] ). In the near future, charmed-baryon production will be studied in the antiproton-proton (pp) annihilation using the "antiproton annihilation at Darmstadt" (PANDA) experiment at the Facility for Antiproton and Ion Research (FAIR) in GSI, Darmstadt (see, e.g., Ref. [4] ). The advantage of using antiprotons in the study of charmed baryons is that inpp collisions the production of extra particles is not needed for the charm conservation, which reduces the threshold energy as compared to, say, pp collisions. The beam momenta of antiprotons in this experiment will be well above the thresholds of the productions ofΛ reactions would be of crucial importance. The production rates of these reactions are also the key requirement in the implementation of other programs [5] of thePANDA experiment, e.g., spectroscopy of charmed hadrons (see, e.g., Ref. [4] ), production of charm hypernuclei [6, 7] , D mesonic nuclei [8] [9] [10] [11] , and medium effects on the charmed-hadron properties [12] [13] [14] [15] [16] [17] .
The investigations of the production of heavy flavor hadrons provide an additional handle for the understanding of quantum chromodynamics, the fundamental theory of the strong interaction.
The presence of the heavy charm quark along with the light quark(s) leads to two energy scales in such systems. This allows the construction of an effective theory where one can actually calculate a big portion of the relevant physics using the perturbation theory and renormalization-group techniques [18] [19] [20] .
Calculations of the cross sections of theΛ − c Λ + c production in thepp collisions have been reported in several publications using a variety of models [21] [22] [23] [24] [25] [26] [27] [28] . They employ varying degrees of freedom ranging from quarks [21] [22] [23] [24] 27 ] to meson baryon [25, 26, 28] in the description of this reaction. However, the magnitudes of the predicted cross sections are strongly model dependent.
On the other hand, calculations for other charmed-baryon channels have been reported only by a few authors. In Ref. [27] , total cross sections have been given forΣ
c channels, which are obtained by integrating the differential cross sections dσ/dt (t is the momentum transfer) over a limited range of t. In ref. [23] , dσ/dt are provided for these final states, but the integrated cross sections are not given.
In Ref. [29] , cross sections have been presented for the charm-production channelspp → [29] . However, in this reference, cross sections are reported only for beam momenta very close to the respective threshold of each final state.
In Ref. [28] , thepp →Λ − c Λ + c reaction has been studied within a single-channel effective Lagrangian model (see, e.g., Refs. [32, 33] ), where this reaction is described as a sum of the t-channel D 0 and D * 0 meson-exchange diagrams. The s-and u-channel resonance excitation terms are suppressed, as no resonance is known with energy in excess of 3.0 GeV having branching ratios for decays to the charmed-baryon channels. Furthermore, the directpp annihilation into charmedbaryon final states via the contact diagrams is also suppressed due to the Okubo-Zweig-Iizuka condition.
The aim of this paper is to extend the model of Ref. [28] to calculate the cross sections of thē
We provide predictions for the cross sections for beam momenta (p lab ) ranging from threshold to 18 GeV/c in each case. Therefore, the range ofp lab of interest to thePANDA experiment is well covered. As in Ref. [28] , these reactions are described as a sum of t-channel D 0 and D * 0 meson-exchange diagrams. The s-and u-channel resonance excitation diagrams are suppressed due to the same reason as stated in the previous paragraph.
Of course, like theΛ [30, 31, [34] [35] [36] [37] [38] [39] [40] [41] [42] .
We account for such effects approximately by using an eikonal approximation-based procedure.
In the next section, we present our formalism. The results and discussions of our work are given in Sec. III. Finally, the summary and conclusions of this study are presented in Sec. IV. 
II. FORMALISM
To evaluate various amplitudes for the processes shown in Fig. 1 , we have used the effective Lagrangians at the charmed-baryon-meson-nucleon vertices, which are taken from Refs. [43] [44] [45] .
For the pseudoscalar D meson exchange vertices, we have
where ψ B and ψ N are the charmed-baryon and nucleon (antinucleon) fields, respectively. In Eq. (1), φ D is the D meson field and g BDN represents the vertex coupling constant.
For the vector meson D * exchange vertices, the effective Lagrangian is
where θ µ D * is the vector meson field, with field strength tensor
, σ µν is the usual tensor operator. The vector and tensor couplings are defined by g and f , respectively.
Their values at various vertices were adopted from Refs. [43, 44] as shown in Table I . The same couplings were used for the vertices involving both the proton and the antiproton. It was shown in Ref. [28] that the exchange of D * 0 dominates the Λ + cΛ − c production reaction in thep − p collisions even for beam momenta closer to the production threshold.
The coupling constants adopted by us at various vertices involved in the t-channel diagrams, were determined in Refs. [44, 46, 47] , by using the SU(4) symmetry arguments in the description of the exclusive charmed-hadron production in theDN and DN scattering within a one-bosonexchange picture. While, we acknowledge that the SU(4) symmetry will not hold rigorously, the deviations from the SU(4) coupling constants in the charm sector have been reported to be highly model dependent [48] . Recent calculations within light-cone sum rules suggest that deviations from the SU(4) values of the relevant coupling constants are not more than factors of 2 [27] .
On the other hand, in the constituent quark model calculations using the 3 P 0 quark-pair creation mechanism, the deviations are at the most of the order of 30% [49] .
The off-shell behavior of the vertices is regulated by introducing form factors. Without them calculations with Born terms strongly overestimate the cross section at higher energies. Therefore, such contributions will have to be quenched with form factors. Another motivation for introducing form factors is that at higher energies one may expect sensitivity to the underlying quark structure of the hadrons. Because this physics is not included explicitly in our model, we can only account for it by introducing the phenomenological form factors at the vertices. In our approach, the form factors are not known a priori and thus they introduce a certain arbitrariness in the calculations. In the current paper we limit ourselves to dipole form factors (see, e.g., Refs. [32, 33] ) at the vertices involving the pseudoscalar D meson exchange because of their simplicity:
where q D i is the momentum of the ith exchanged meson with mass m D i . λ i is the corresponding cutoff parameter, which governs the range of suppression of the contributions of high momenta carried out via the form factor. We chose a value of 3.0 GeV for λ i at both the vertices. The same λ i was also used in the monopole form factor employed in the studies presented in Refs. [25, 26, 43] .
However, at the vertices involving the exchange of the vector meson D * , we have used a differ-ent functional form of the form factor
The argumentation for this different choice is presented in the discussion of the Σ-photoproduction results in Ref. [50] . Often, different functional forms and cutoff values are introduced for t-channel form factors [51] [52] [53] . Although this can easily be motivated, it introduces additional model dependence and increases the number of free parameters. To limit the overall number of parameters we have taken the form factor given by Eq. 3 with a cutoff parameter λ i , of 3.0 GeV for all the graphs involving the D meson exchange, and that given by Eq. 4, with a λ i of 2.7 GeV for all the terms involving the D * meson exchange. Because the experimental data are not yet available for the reactions under investigation in this paper, it is not possible to put a more definite constraint on these quantities. Therefore, we restrict ourselves to these choices of the form factors and the λ i values.
For calculating the amplitudes, we require the propagators for the exchanged mesons. For the D and D * mesons, the propagators are given by
In Eq. (6), Γ D * is the total width of the D * meson, which is given in table I taken from the latest Particle Data Group estimates [54] .
After having established the effective Lagrangians, coupling constants, and forms of the propagators, the amplitudes of various diagrams can be written by following the well-known Feynman rules. The signs of these amplitudes are fixed by those of the effective Lagrangians, the coupling constants, and the propagators as described above. These signs are not allowed to change anywhere in the calculations.
Next, we describe how the initial-and final-state interactions are taken into account in our calculations. We note that, for thepp initial state, the annihilation channel is almost as strong as the elastic scattering channel. This large depletion of the flux can be accounted for by introducing absorptive potentials that are used in optical models or in coupled-channels approaches [25, 30, 31, 38, 42] . In this work, we do not employ such a detailed treatment. Instead, we use a procedure that was originated by Sopkovich [55] . In this method, the transition amplitude with distortion effects is written as [25] , that because of the strong absorption in the initial channel, the results turned out to be rather insensitive to the final-stateΛ
In fact, even if the final-state interactions (FSIs) were ignored totally, the total cross sections did not change by more than 10%-15%. We assume this to be true also for the other charmed-baryon final states as well. Therefore, in order to keep the number of free parameters small, we decided to fully neglect FSIs and concentrate only on the initial-state interaction in our calculations of the cross sections of all the charmed-baryon-antibaryon final channels.
For the present purpose, we neglect the real part of the proton-antiproton interaction and describe the strong absorption by an imaginary potential of Gaussian shape with range parameter µ and strength V 0
where µ is the range parameter and V 0 the strength of the potential. In Eq. 8, r 2 = b 2 + z 2 , with b being the impact parameter of the collision. By using the eikonal approximation, the corresponding attenuation integral can be evaluated in a closed form. Similar to Refs. [40, 55] , we obtain for
where E and k are the center of mass energy and momentum of the particular channel, respectively.
In our numerical calculations, we have used V 0 = 0.8965 GeV and µ = 0.3369 GeV. For the impact parameter, we have taken a value 0.327 GeV −1 . These parameters are the same as those used in
Refs. [28, 53] . As shown in Ref. [28] , with these parameters, it was possible to get cross sections for theΛ − c Λ + c production in close agreement with those calculated within the coupled-channels approach of Ref. [25] , where distortion effects are rigorously treated.
Although the parameters V 0 and µ may change with energy, we have made them global; that is, they remain the same at all the energies corresponding to all the final channels. Thus, we have only three fixed parameters in our calculations of the initial-state distortion effects. 
III. RESULTS AND DISCUSSIONS
In Fig. 2 , we investigate the role of various meson-exchange processes in the total cross sections Table I that the ratio of tensor to vector coupling constants of these vertices is in the vicinity of three. Also there is additional momentum dependence induced by the derivative coupling in the tensor interaction part of the effective Lagrangian. tot rather sharply in this region. It would be of interest to compare our cross sections for these two channels to those published previously. In Ref. [29] , the cross section σ tot are given for theΛ channels are given around thep lab of 15 GeV. These authors have performed their calculations within a nonperturbative quark-gluon string model [22] employing the baryon-meson coupling constants from light-cone sum rules. Our cross sections are at least an order of magnitude larger than those of Ref. [27] for both the channels. Similarly, the cross sections for theΛ − c Λ + c production channel reported in Refs. [22] [23] [24] are also significantly smaller than those predicted in our study. Thus, differences between our cross sections and those of Refs. [22] [23] [24] 27] are substantial for beam momenta relevant to thePANDA experiment.
In Fig. 4 by also invoking some two-step mechanism as is done in Ref. [29] . However, it may not be feasible in the version of the effective Lagrangian model presented in this paper. Nevertheless, the magnitudes of the cross sections for these channels are similar to those of theΣ 
IV. SUMMARY AND CONCLUSIONS
In summary, we studied thepp →Λ We treated the initial-and final-state interactions within an eikonal approximation-based phenomenological method. Generally, the parameters of this model are constrained by fitting to the experimental data. Because of the lack of any experimental information, it has not been possible to test our model thoroughly. Therefore, there may be some uncertainty in the absolute magnitudes of our cross sections. Nevertheless, our near-threshold cross sections for theΛ − c Λ + c production channel are very close to those of Refs. [29] , where distortion effects have been treated more rigorously within a coupled-channels approach. There may also be some uncertainty in our cross sections coming from the shapes of the form factors and the values of the cutoff parameter involved therein. In models like ours choice for these quantities is guided by their ability to reproduce the experimental data [56] , which is not feasible at this stage for the charmed-baryon production. We have tried to minimize the effects of such uncertainties to some extent by using the same shape of the form factor and the same value of the cutoff parameter in calculations of all the final charmedbaryon channels. Hopefully, concrete experiments that are likely to be pursued with thePANDA
